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The purpose of this study was to reveal the computer-aided three-dimensional
(3D) appearance, the dimensions, and neighbourly relations of the claustrum and
make a stereotactic approach to it by using serial sections taken from the brain of
a human cadaver. The Snake technique was used to carry out 3D reconstructions
of the claustra and surrounding structures. The photorealistic imaging and stereo-
tactic approach were rendered by using the Advanced Render Module in Cinema
4D software. The claustrum takes the form of the concavity of the insular cortex
and the convexity of the putamen. The inferior border of the claustrum is at about
the same level as the bottom edge of the insular cortex and the putamen, but the
superior border of the claustrum is at a lower level than the upper edge of the
insular cortex and the putamen. The volume of the right claustrum, in the dimen-
sions of 35.5710 mm ¥ 1.0912 mm ¥ 16.0000 mm, was 828.8346 mm3, and the
volume of the left claustrum, in the dimensions of 32.9558 mm ¥ 0.8321 mm ¥
¥ 19.0000 mm, was 705.8160 mm3. The surface areas of the right and left claustra
were calculated to be 1551.149697 mm2 and 1439.156450 mm2 by using Surf-
driver software. This is the first study reporting the 3D reconstruction and photore-
alistic imaging of the claustrum of the human brain. This technique enables us to
determine the spatial coordinates of the target tissues and to rehearse the surgical
procedures for preoperative trajectory planning by using virtual surgery. We be-
lieve that this study will be a really useful anatomic guide for neuroscientists and
neurosurgeons interested in the claustrum. (Folia Morphol 2011; 70, 4: 228–234)
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INTRODUCTION
The claustrum is a relatively thin band of grey mat-
ter in the lateral part of the cerebral hemisphere in mam-
mals [14]. It is separated from the medially lying lenti-
form nucleus (putamen and globus pallidus) by the fi-
bres of the external capsule and, in some mammals,
from the laterally lying insular cortex by the fibres of
the extreme capsule [25]. Through numerous neuroan-
atomical studies, the claustrum and many neocortical
areas including the frontal cortex [33], visual cortical
fields including the striate cortex [8], temporal cortex
[56], entorhinal cortex [26], parieto-occipital cortex [51],
and the parietal cortex [48] have been reported to be
interconnected. Limbic structures such as the hippo-
campus [3] and the amygdala [4] as well as the caudate
nucleus and putamen [6] regions have been shown to
relate to dementia in Parkinson’s disease [28, 29] are
mutually connected to the claustrum [30].
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The claustrum’s involvement in many higher-order
cognitive functions such as fear recognition [54], ex-
periential dread [12], memory storage [42], associa-
tive learning [15], repetitive behaviours including ad-
diction [42, 45], multimodal processing in olfactory,
auditory, visual, and tactile information, as well as
emotional and behavioural responses [11], cognitive
impairment [20], suppression of natural urges [36],
seizures [58], and psychosis [52] is due to its ontoge-
ny, proximity to the basal ganglia, amygdala, and in-
sula, and reciprocal connections [19]. Crick and Koch
[18] have also recently suggested that the claustrum
may contain specialised mechanisms that permit in-
formation to travel widely within its anterior–poste-
rior and ventral-dorsal extent to synchronise different
perceptual, cognitive, and motor modalities.
The structure and function of the claustrum are
enigmatic, consistent with the derivation of its name
“a hidden place”. The claustrum is present in the fore-
brain of arguably all mammals [7, 34], but the exact
structural boundaries of the claustrum have long puz-
zled investigators [38]. Most people working on the
brain have heard of the claustrum — it was known to
Ramon and Cajal — but very few have any idea what
it does. It is thin and fairly small — in humans, its
volume is a quarter of one percent of that of the cere-
bral cortex [34] — and so it is easily overlooked. In
1994, Crick [17] described the claustrum briefly, but
since then we have left it to one side [18]. Despite the
later use of various imaging methods, its shape could
not go beyond the drawings based on two-dimen-
sional (2D) sections. It was therefore aimed to reveal
a computer-aided 3D appearance, the dimensions,
and neighbourly relations of the claustrum and make
a stereotactic approach to it by using serial sections
taken from the brain of a human cadaver.
MATERIAL AND METHODS
Cryosectional image acquisition and features
The imaging data from the Visible Human
Dataset, which is part of the Visible Human Project
(VHP) initiated by the National Library of Medicine
(NLM), were used. Visible Human Data exists in dif-
ferent modalities: computed tomography (CT), mag-
netic resonance imaging (MRI), and anatomical cry-
osections (Fig. 1A) [1]. To obtain the cryosection
images, the cadaver was first frozen solid inside
a large block of blue gel. Then, 1 mm-thick slices were
successively cut away from an axial cross-section
(planar cut perpendicular to the longitudinal axis of
the body), and digital colour images were taken of
each newly exposed cross-section. A total of 1,878
cryosection images were taken, spanning the body
from head to toe. Each is in 24-bit colour and has
a resolution of 1748 ¥ 966 pixels [53].
Seventy-four cryosectional images were used to
reconstruct the claustra and surrounding structures in
order to reveal the morphology of the claustra and 3D
spatial relationships among claustra and the surround-
ing structures on both sides (slice width = 600 mm,
slice thickness = 1 mm, slice interval = 1). These cross-
sections were between numbers 1067 and 1102, to-
tally 36 cryosectional images, on the right side and
between number 1069 and 1107, totalling 38 cryo-
sectional images on the left side, where the claustra
and its surrounding structures (insular cortex, puta-
men, and caudate nucleus) appeared and disappeared.
Reconstruction with the Snake technique,
development of the photorealistic images
and stereotactic approach
With this technique, the reconstruction process is
defined in two steps, described as follows: at the first
step, the user defines the organ contour on each slice.
For that, one has to put a set of points around the
organ on the slice. The Snake technique allows the
polygon to fit exactly to the contour on the slice. This
operation has to be done for every slice containing
the organ. At the second step, once the elements have
been interpreted and labelled on the different cross-
sections as contours, the 3D reconstruction is per-
formed by joining the contours of all the pertinent
slices [23]. Initially the wire-frame (Fig. 1B) and the
surface-rendered reconstructions were attained by the
software. After generating a 3D surface model of the
claustra and the surrounding structures, we convert-
ed the models to the DXF (Data Exchange File) for-
mat to render photorealistic imaging and stereotac-
tic approach by using the Advanced Render Module
in Cinema 4D software [31, 32].
RESULTS
The claustrum was a thin, irregular, odd-shaped,
ribbon-like neuronal structure hidden between the
insular cortex and the putamen. The claustrum took
the form of the concavity of the insular cortex and
the convexity of the putamen. While the claustrum
covered the external surface of the putamen (Fig. 2A),
it filled in the cavity of the insular cortex (Fig. 2B).
The inferior border of the claustrum was at about
the same level as the bottom edge of the insular
cortex and the putamen, but the superior border of
the claustrum was at a lower level than the upper
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edge of the insular cortex and the putamen. As the
claustrum was not the same size as the putamen
and insular cortex, these structures did not match
exactly. The main structure of the claustrum was in
close contact with the main structures of the insular
cortex and the putamen. It proved to be deployed
in the best locality to provide the flow of the infor-
mation among different regions of the brain and to
be able to fulfil cognitive brain functions such as
perception, attention, memory, language, executive
functions, and problem-solving.
Surface areas and volumetric analyses of the claustra
and surrounding structures are presented in Table 1.
With morphometric evaluation of the claustrum re-
constructions, on the right side the claustrum distan-
ces were 35.5710 mm longitudinally, 1.0912 mm la-
terally, and 16.0000 mm vertically. On the left side the
claustrum distances were 32.9558 mm longitudinal-
ly, 0.8321 mm laterally, and 19.0000 mm vertically.
The volumes of the right and left claustrum were
828.834621 mm3 and 705.816094 mm3, respectively.
The surface areas of the right and left claustra were
calculated to be 1551.149697 mm2 and 1439.156450 mm2,
respectively, by using Surfdriver software. The mean
distance between the right and the left claustra was
54.153 mm (Fig. 3A).
The mean distance values between the insular
cortex and the claustrum were 1.18501 mm on the
right side and 1.08040 mm on the left side (Fig. 2B).
The mean distance values between the claustrum and
the putamen were 0.91754 mm on the right side and
0.90355 mm on the left side (Fig. 2A). The claustra’s
spatial locations were 77.151 mm away from the
anterior, 47.631 mm away from the lateral, and
98.445 mm away from the posterior on the right side
and 80.838 mm away from the anterior, 48.928 mm
away from the lateral, and 95.053 mm away from
the posterior on the left side topologically (Fig. 3B).
This method enabled us to view the structures in
different colours, in a studio environment, and from
different angles. It was possible to move the struc-
tures in any direction individually or as a whole, which
can be very useful for better understanding the spa-
tial relationship of the mentioned structures and,
therefore, can contribute to education, research, and
surgery (Fig. 4). The technique also enables us to de-
termine the spatial coordinates of the target tissues
and to rehearse the surgical procedures for the pre-
operative trajectory planning by using virtual surgery.
The data obtained from this method can be used to
design instruments to be used in the operation (Fig. 5).
To my knowledge, this is the first study reporting 3D
reconstruction and photorealistic imaging of the
claustrum of the human brain (Fig. 6).
DISCUSSION
The claustrum has been an overlooked neuroana-
tomical structure [19]. Although it has been studied
by neuroanatomists for about two centuries [21], only
one recent study has investigated the claustrum func-
tionally [18]. The claustrum is present in all mamma-
lian species [34] from the insectivore to man, though
its precise shape and some of its connections appear
to vary by species [18]. The claustrum is a prominent
but ill-defined forebrain structure that has been sug-
gested to integrate multisensory information and per-
haps transform percepts into consciousness. The claus-
trum’s shape and vague borders have hampered ex-
perimental assessment of its functions [38]. Segmen-
tation of brain structures and tissues, especially in the
subcortical regions, is very difficult due to limitations
such as low-contrast, partial volume effects, and field
inhomogeneities [9]. Although many methods have
been proposed for subcortical structure segmentation,
such tasks still remain challenging [2, 16]. Anatomical
structures in the brain are related to neighbouring
structures through their location, size, orientation, and
shape. Neighbouring anatomical structures usually
exhibit strong mutual spatial dependencies. An inte-
gration of these relationships into the segmentation
process can provide improved accuracy and robust-
ness [55, 57].
Table 1. Surface areas and volumes of the claustra and surrounding structures
Structures Right side Left side
Surface area [mm2] Volume [mm3] Surface area [mm2] Volume [mm3]
Claustrum 1551.149697 828.834621 1439.156450 705.816094
Insular cortex 6281.884124 7920.608722 6188.577387 6649.799642
Putamen 2489.712768 4977.007858 2480.427290 4784.957815
Caudate nucleus 2691.199464 4658.697200 2667.030646 4527.521700
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Figure 3. A. A perspective view of photorealistically reconstruct-
ed claustra in cinema 4D window; B. Spatial location of the both
claustra in the cranium, a portion of cranium removed to indicate
inside of the cranium.
Figure 4. Three-dimensional reconstruction, photorealistic imag-
ing, and spatial relationship of the claustra and surrounding struc-
tures. All the anatomical details belonging to the claustra and sur-
rounding structures can be seen with high sensitivity in 3D;
A. Anterior view of the insular cortex, claustrum, and putamen;
B. Posterior view of the insular cortex, claustrum, and putamen;
C. Superior view of the insular cortex, claustrum, putamen, and
caudate nucleus; D. Supero-posterior view of the insular cortex,
claustrum, putamen, and caudate nucleus.
Figure 6. The photorealistic 3D rendered images of the right
claustrum (A) and left claustrum (B) from different angles.
Figure 5. Stereotactic approach is a method developed in order to
achieve any destination in the central nervous system by using a 3D
coordinate system without damaging the cortical structures. During
the application of stereotaxy, the positioning of the lesion at an opti-
mal site is considered essential for clinical diagnosis and treatment;
A. Anterior view of the insular cortex, claustrum, and putamen;
B. Antero-inferior view of the insular cortex, claustrum, and putamen;
C. Posterior view of the insular cortex, claustrum, and putamen with
superior illumination; D. Anterior view of the insular cortex, claus-
trum, and putamen, given the opacity to the claustrum and the trans-
parency to the insular cortex and putamen in order to show the pas-
sage of the stereotactic instruments.
Figure 1. A. Photographic cross-section of the claustra from the
Visible Human Male. Surface modelling first involves identifying
the region of a desired tissue in the volume and then constructing
a description of this region as a surface; B. Wireframe recon-
struction of the claustra and the surrounding structures. Wire-
frame models are important in model generation because they
lend themselves well to smoothing functions such as lofting,
sweeping, and blending.
Figure 2. The claustra and surrounding structures are displayed
as photorealistic models in different colours to reveal their rela-
tionship to each other better; A. Claustrum and putamen;
B. Claustrum and insular cortex.
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Many authors using different techniques such as
stereology [34], proteomic methods [38], and MRI [19]
have all studied the morphology of the claustrum and
connections with the surrounding structures. For in-
stance, in Kowianski’s et al. study [34] the histological
sections were projected onto a sheet of paper and, at
the final magnification, depending on the size of the
specimen, the outlines of the cortical areas and claus-
trum were drawn. Almost all of them showed the claus-
trum as 2D and cross-sectional. At the same time,
based on these 2D sections, 3D structures of the claus-
trum were viewed by drawing. In this study, however,
the claustra and the surrounding structures were re-
constructed in 3D. In addition, the spatial relationship
among the claustra and the surrounding structures
were shown both three-dimensionally and photoreal-
istically. Using microscopy techniques, it was report-
ed that the claustrum can be 2 to 4 subdivisions [22,
40, 46]. Also, it was suggested that the claustrum is
connected to various brain regions such as the neo-
cortex [43] and entorhinal cortex [41] that are perti-
nent to some major neurological disorders including
those related to aging [39]. However, this macrosco-
pic study does not elucidate the details on the claus-
tral subdivisions and its connections.
This study dealt with morphometric and volu-
metric evaluation of the claustrum and the surround-
ing structures, although previous studies almost
exclusively measured the volume of the claustrum
[19, 34]. Moreover, the spatial location of the claus-
trum in the skull was defined, and the levels at which
the claustrum appeared and disappeared from ver-
tex topographically were determined. The right
claustrum was measured as 828.8346 mm3 and the
left claustrum was measured as 705.8160 mm3
(Table 1). A post-mortem volumetric study by Kowia-
nski et al. [34] reported average human claustral vo-
lume to be 580 mm3, which is considerably smaller
than the average claustral volume reported by Davis
[19] (701 mm3 in typically developing boys and
555 mm3 in boys with autism). Davis [19] reported
that there was a significantly smaller claustral vol-
ume in individuals with autism. Because the claus-
trum serves as an integrating centre for all cortical
modalities, this smaller claustral volume could be
indicative of the under-connectivity found in autism,
as has been suggested by Just et al. [19, 27].
There was a significant difference between right
and left claustrum volume (right > left; Table 1). It
would be more indicative of general hemispheric dif-
ferences rather than an association with a particular
neuropathology [19]. Other brain structures have also
been shown to exhibit hemispheric differences, such
as the hippocampus [37] and amygdala [49], with the
right being larger than the left. Based on possible func-
tions of the claustrum [18], it is unclear why such la-
terality would exist, but laterality of claustral involve-
ment has been shown in other studies, as well: Bonil-
ha et al. [13] reported increased left claustral volume
in a voxel-based morphometry study of young males
with autism. Naghavi et al. [44] reported the right
claustrum and insula to be increasingly activated with
modal sensory integration of conceptually related ob-
jects. Lerner et al. [36] reported more right than left
claustral activation associated with suppression of
natural urges. Olson et al. [47] found left claustral ac-
tivation in cross-modal integration of audio-visual sti-
muli. Banati et al. [10] found left claustral activation
in response to visual-tactile integration, and Hadjikhani
and Roland [24] found right claustrum activation in
visual-tactile cross-modal transfer [19].
The claustrum and surrounding structures, due
to their spatial position and spatial relationship, con-
sidered the subcortical centres, are important in ste-
reotactic surgery. Stereotactic surgery is a minimally
invasive form of surgical intervention which makes
use of the 3D coordinate system to pinpoint the lo-
cation of small targets inside the skull and to carry
out actions such as biopsies, injections, stimulation,
implantation, etc. Stereotactic biopsy is the gold stan-
dard to obtain a definite histopathological diagnosis
in tumour patients in which complete resection is not
feasible or the origin of the lesion is completely un-
clear [50]. Image-guided neurosurgery is an advanc-
ing sub-speciality in neurosurgery [35]; image fusion
allows the superimposition of MRI and CT scans to
define the target point more accurately, which re-
duces complications and facilitates safe and effec-
tive stereotactic biopsy in virtually any brain area [50].
Failure to obtain a diagnosis (so-called sampling er-
ror) commonly occurs because the selected target was
in the necrotic centre of a tumour or the enhancing
area was missed. Therefore, a low-grade tumour is
diagnosed instead of the correct high-grade tumour.
Careful preoperative study of the images, double-dose
contrast administration, and selection of multiple
targets until the attending neuropathologist has re-
ceived an adequate specimen can obviate these diffi-
culties [50]. Stereotactic biopsy is a procedure with
a low mortality rate of less than 0.1% and very low
morbidity [5]. Complications include major haemor-
rhage, seizures, and broken instruments [5]. The in-
troduction of computer-based image-guided stereo-
tactic biopsy has further reduced the complication
233
 S. Kapakin, Photorealistic imaging of the claustrum
rate; the better visualisation of vessels in preopera-
tive trajectory planning can prevent damage which
may lead to haemorrhage [50]. The technique used
in this study enables us to determine the spatial co-
ordinates of the target tissues and to rehearse the
surgical procedures for the preoperative trajectory
planning by using virtual surgery. The data obtained
from this method can be used to design instruments
to be used in the operation.
In summary, there are only a few data in the li-
terature related to the claustrum of the human brain.
Additionally, computer-aided 3D reconstructions of
the claustra and measurements regarding the di-
mensions of these structures have not been report-
ed previously. In this study, a feasible, reliable, and
valid method for 3D reconstruction from any serial
sections or images was presented using a real hu-
man cadaver. This technique gives significant unre-
ported information about the dimensions and 3D
relationship of the claustrum and surrounding struc-
tures. Therefore, this study will be a very useful an-
atomical guide for neuroscientists and neurosur-
geons interested in the claustrum.
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